Abstract Normal faulting earthquakes play an important role in the deformation of continents, and pose significant seismic hazard, yet important questions remain about their mechanics. We use InSAR and bodywave seismology to compute dislocation models and centroid moment solutions for four normal-faulting earthquakes (M w 5.7-6.2) that occurred in the Pumqu-Xainza Rift (PXR), southern Tibet, a region where lowangle normal faulting has previously been inferred. We also use the fault locations and slip to investigate the correlation between earthquakes and surface topography, and to calculate stress interactions between the earthquakes. The InSAR and body-wave models give consistent focal mechanisms except for the magnitude of the 1996 event, which may be overestimated due to postseismic deformation in the long-interval interferograms. We calculate the static stress changes due to coseismic slip and find that the 1993 event was too distant to cause triggering of the later events, but that the 1998 event pair occurred in regions of increased Coulomb stress resulting from the 1996 event. All the fault planes found here dip at , reinforcing the absence in observations for low-angle normal faulting earthquakes (dip < 30 ) whose focal planes can be determined unambiguously. The fault planes of the 1993 and 1996 events are not associated with any obvious surface geomorphology, suggesting that sometimes it is unreliable to resolve the focal plane ambiguity by geomorphology, even for M w 6.2 events. Furthermore, these events occurred outside the center of the rift, indicating that the active faulting is more distributed and over a length-scale at least 25-50 km east-west in extent, rather than confined to the 20 km width seen in the current mapped faulting and topography. These results suggest that seismic hazard in other extensional zones worldwide might also be more broadly distributed than suggested by geomorphology.
Introduction
Extensional faulting plays an important role in the deformation of continents, and is prominent in regions such as the Basin and Range province of Western US, the Aegean, the Apennines, and southern Tibet [Eaton, 1982; Wernicke et al., 1988; Anderson and Jackson, 1987; Taymaz et al., 1991; Jackson, 1994; Çemen, 2010; Molnar and Tapponnier, 1978; Armijo et al., 1986] . Southern Tibet, the largest high-elevation region on Earth, created by the ongoing India-Eurasia collision, has also experienced a number of normal-faulting crustal earthquakes. In the past four decades, normal-faulting earthquakes have released about 15-20% of the total extensional strain of the Tibetan Plateau, corresponding to 13% of the total moment released for this time period from earthquakes occurring within the plateau with elevations > 4.5 km [Elliott et al., 2010] . Some of the clusters of events were triggered by static stress increases from previous nearby earthquakes, e.g., Nima-Gaize [He and Peltzer, 2010] and Zhongba sequences [Elliott, 2009; Ryder et al., 2012] . Studying normal earthquakes in southern Tibet is not only important for understanding regional tectonics [e.g., Taylor and Yin, 2009; Searle et al., 2011] , but also more generally for understanding the structure and dynamics of the lithosphere [e.g., Jackson and White, 1989; Wernicke, 1995; Buck, 2007; Collettini, 2011] .
PUBLICATIONS
at Dinggye County (28.3 N, 87 .7 E) [Armijo et al., 1986; Kali, 2010] (Figure 1 ). Recently, Monigle et al. [2012] studied microearthquakes that occurred near Xaitongmoin County between 2004 and 2005 using data from the HiCLIMB experiment. From the locations and mechanisms of these earthquakes, they suggest that active deformation is occurring on low-angle normal faults in this region. Although low-angle normal faults (LANFs, dip <30 ) were inferred in the shallow crust in the Yadong-Gulu and Lunggar rifts using surface geological information [Cogan et al., 1998; Kapp et al., 2008] , no other evidence exists that indicates lowangle normal faults are active in Tibet from geodetic and seismological data [e.g., Jackson and White, 1989; Elliott et al., 2010] .
As well as previously studied microearthquake swarms [Langin et al., 2003; Monigle et al., 2012] , a sequence of four M w 5.51 earthquakes occurred in the PXR in the 1990s, with no comparable event occurring since 2000 ( Figure 1 ). The first of the four earthquakes occurred on 20 March 1993 at the southern PXR. The following three events were clustered at the northern PXR near Xaitongmoin County on 3 July 1996, 20 July 1998, and 25 August 1998. This earthquake sequence offers a good opportunity to explore the geometry and mechanism of rifting and to test models of stress transfer and earthquake triggering. Geochemistry, Geophysics, Geosystems Interferometric Synthetic Aperture Radar (InSAR) can be used to measure large-scale surface deformation with millimeter-level accuracy and meter-level spatial resolution across the land surface [e.g., Massonnet and Feigl, 1998; B€ urgmann et al., 2000] . Such high-resolution measurements can determine shallow continental fault locations more precisely than seismological methods, and often can resolve the focal plane ambiguity for moderate to large-size earthquakes [e.g., Biggs et al., 2006; Elliott et al., 2010; Weston et al., 2012] . In this paper, we use InSAR, combined with body-wave seismology, to determine the fault parameters of the four M w 5.51 earthquakes that occurred in the PXR in the 1990s and investigate possible interactions between these events. We explore the implications for the mechanism of rifting in Tibet. The results potentially have important implications for the distribution of seismic hazard in extensional zones worldwide.
InSAR Data and Modeling

InSAR Data Processing
Only ESA's ERS-1/2 satellites acquired radar data suitable for measuring the coseismic deformation associated with the four earthquakes in the PXR. We use the JPL/Caltech ROI_PAC software [Rosen et al., 2004] to process the ERS-1/2 radar acquisitions from descending track 491. The topographic phase is removed using Delft precise orbits [Scharroo and Visser, 1998 ] and the 3 arc-s (90 m) DEM from the Shuttle Radar Topography Mission (SRTM) [Farr et al., 2007] . The interferograms are filtered using a power spectrum filter [Goldstein and Werner, 1998 ] and unwrapped using a branch-cut method [Goldstein et al., 1988] . Phase unwrapping errors are manually corrected. Finally, we select the best four interferograms with reasonable coherence for the following analysis. Figure 2 shows the interferometric pairs used, along with their temporal and spatial baselines.
We fit orbital and topography-correlated atmospheric delay errors for each interferogram by masking the coseismic displacements. The orbital errors are fit using a linear function of x and y coordinates, and the atmospheric delay errors are fit using a linear relationship between far-field displacements and elevation [e.g., Elliott et al., 2008] . Figures 1a-1f show observed coseismic deformation for the two source areas from a variety of image-pairs.
Both the 1993 and 1996 events are covered by three interferograms as shown in Figures 1a-1c and 1d-1e respectively. Because the interferograms associated with each event have almost identical looking geometry, joint inversion with multiple interferograms will not help constrain the models. So we invert fault parameters based on stacked interferograms for these two events separately (Figures 3a and 3b) . The interferogram 931008-980921 covers three events (Figure 2) . We subtract the contributions of the 1996 event ( Figure 3b ) and obtain displacements associated with events 980720 and 980825 ( Figure 3c ).
InSAR Modeling
It is impractical to model the faulting using millions of data points yielded in a single interferogram. 2002], which usually gives denser measurements in the near field where the deformation gradient is higher than the far field. The resulting dataset consists of about 600 data points for each interferogram (Figures  3d-3f ). We determine source parameters of the normal earthquakes using a rectangular dislocation model in a homogeneous elastic half-space [Okada, 1985] . We also solve a linear function of x and y coordinates to remove the residual orbital errors. In the dislocation model, the parameters defining the fault geometry have nonlinear relationships with surface displacements. To solve this nonlinear optimization problem, we use a simulated annealing algorithm followed by a quasi-Newton method [Cervelli et al., 2001] . The simulated annealing method locates the valley that contains the global minimum of misfit, then a quasi-Newton method finds the bottom of that valley and gives the best-fit solution. We assume the opening is zero and all the other fault parameters are freely variable. The best-fitting model minimizes the weighted misfit between the data and model predictions. We estimate the weight matrices using far-field measurements in the stacked interferograms based on a 1-D covariance function . We take the same Poisson's ratio (m 5 0.25) as used by Elliott et al. [2010] , based on crustal seismic velocities of V P 5 6.0 km s 21 , V S 5 3.45 km s 21 , q 5 2780 kg m 23 [Steck et al., 2009] .
We estimate the uncertainties of the fault parameters using a Monte-Carlo simulation technique [e.g., Lohman and Simons, 2005; Parsons et al., 2006] . We construct 100 simulations of spatially correlated random noise based on the variance-covariance matrix for each interferogram. The observed data are then perturbed by adding the simulated noise. We invert the perturbed data and obtain a set of 100 model solutions (Figures 4 and supporting information Figures S1-S3). The uncertainty of each fault parameter can be estimated from its distribution in the model solutions. Fault parameters other than slip have a nonlinear relationship with surface displacements [Okada, 1985] , and trade-offs have commonly been observed between the fault parameters in geodetic inversions [e.g., Wright et al., 2003 Wright et al., , 2004 Funning et al., 2005; Ziv et al., 2013] . InSAR only measures 1-D line-of-sight deformation, which aggravates the trade-offs. The Monte-Carlo simulations plotted in Figure 4 also display trade-offs in some cases. There are strong positive or negative correlations between fault depth, width, strike, dip, and slip for the 1993 earthquake. Some trade-offs have simple explanations. For example, decreasing the fault width reduces the modeled surface deformation and hence the slip increases to compensate. To validate the trade-offs, we estimate the trade-off expected when linearizing the model about the best-fitting solution, in a semianalytical way. To achieve this, we calculate partial derivatives of displacement with respect to each model parameter, following Feigl and Dupr e [1999] . We then use these to populate the Jacobian of the forward model (J), and propagate the errors in the data variance-covariance matrix (C d ), to give the model variancecovariance matrix, C m 5ðJ'C 21 d JÞ 21 . The red lines in Figure 4 show the direction of correlation for each pair of parameters from the resulting model variance-covariance matrix. We find that our results generally agree well with that derived by propagation of data errors. All fault parameters and their 1-r uncertainties are listed in Table 1 and named as ICMT, i.e., InSAR CMT. Overall, the uncertainties are relatively small and the moment magnitude, dependent on the fault area times the slip, remains roughly constant despite the parameter trade-offs.
The 1993 and 1996 events can be fit well using a single rectangular dislocation model (black rectangles in Figures 3g and 3h ). The RMS residuals are 6 mm and 4 mm respectively (Figures 3j and 3k ), comparable to the uncertainties of 5 and 6 mm estimated by the 1-D covariance function fit to the far-field data. Figure 3c comprises coseismic deformation due to the 1998 events. It is not possible to separate these two events and we model the combined deformation as having occurred on a single fault plane. The rake is poorly constrained with 1-r error of 33 (Table 1) . After fixing the rake to the average of the 1998 events from body-wave solutions, the uncertainty of strike becomes smaller while the other parameters are not significantly different (Table 1 ). In the rest of the paper we will use the fixed-rake solution. The resultant model gives a RMS of 6 mm, the same as the uncertainties of the measurements (Figure 3l ). All the models give small orbital errors with the maximum of 0.04 mm/km in east and 0.08 mm/km in north, as we have already removed most of the orbital errors using a far-field planar correction.
We further subdivide the fault plane into patches and estimate the slip distribution, which has been routinely used to model large earthquakes [e.g., J onsson et al., 2002] . However, our distributed slip models do not significantly improve the goodness of fit (supporting information Figures S4-S6 ). In particular, the majority of slip is found to be inside the rectangular uniform-slip plane for all the events (supporting information Figures S7-S9 ). Therefore, we conclude that our single-fault uniform slip models are good enough for these moderately sized earthquakes.
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Teleseismic Body-Wave Modeling
We determine source parameters for the earthquakes that have occurred along the Pumqu-Xainza rift using teleseismic body-wave seismology, for comparison to our InSAR results. Seismograms were retrieved from the IRIS DMC, principally using data from the Global Digital Seismograph Network (GDSN). We use stations within an epicentral distance of 30-90 for P waves and 30-80 for SH waves, allowing us to ignore the influence of regional head-waves or mantle triplications on the waveform. Broadband data were filtered to extract periods between 15 and 100 s, limiting the influence of fine-scale velocity structure on the waveforms, and allowing the earthquake source to be treated as the finite-duration rupture of a point source, for the magnitude of the earthquakes involved in this study. Geochemistry, Geophysics, Geosystems
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V C 2014. American Geophysical Union. All Rights Reserved. P and SH waves were then jointly inverted using the method of Zwick et al. [1994] to determine the focal mechanism, centroid depth, moment and source-time function based on the waveform shape and amplitude over a window encompassing the direct arrival (P, S) and the principal depth phases (pP, sP, sS). Starting parameters for the inversion were taken from the GCMT catalog and the source is constrained to be a pure double-couple. The start-time of the inversion window for each seismogram is manually picked based on the arrival of the relevant direct phase on the broadband seismogram. We use a source-side velocity structure consisting of a half-space consistent with the elastic half-space used in calculating near-source displacements during InSAR inversion.
An example, for the 1996 event, is shown in Figure 5 . Minimum misfit solutions are listed in Table 1 and named as BW. The method employed here has been used extensively in previous studies [e.g., Molnar and Lyon-Caen, 1989; Sloan et al., 2011] . Typical errors in strike and rake at 6 10 , and depth 63 km [e.g., Molnar and Lyon-Caen, 1989; Taymaz et al., 1990] .
Discussion
The study of the geometry and location of normal faulting is important for understanding the extension of the continental crust [Jackson, 1987] and for understanding the mechanics of faulting [Collettini and Sibson, 2001] . Such studies can also help resolve debates concerning active low angle normal faults [Axen, 2007] and the cause of the east-west extension in Tibet [e.g., England and Houseman, 1989; McCaffrey and Nabelek, 1998; Yin, 2000; Kapp and Guynn, 2004] . Comparing recent earthquakes with evidence of active faulting allows us to test the relationship between earthquake size and surface expression [Dawers et al., 1993] and to potentially determine rates of extension based on topography, because large normal faulting events contribute most to the seismic moment release [Scholz and Cowie, 1990] . Detailed studies of normal faulting earthquakes have been limited in the past and, to date, previously studied ruptures with InSAR number just slightly more than 20 events [Wright et al., 2013] . However, observations of ground deformation using satellite interferometry associated with such events permit a more accurate determination of fault locations and geometry than previously possible, particularly where a surface rupture is absent. In this study, we have examined the relationship of moderate normal faulting with topography and the overall rift structure in the Pumqu-Xainza Rift of southern Tibet, as well as determining reliable fault plane dips and verifying these observations against seismological solutions. Table 1 shows that InSAR and body-wave models derive consistent fault geometry parameters including centroid depth, strike, dip and rake. The centroid depths particularly agree with each other for the 1993 and 1996 events. All our models suggest that these earthquakes occurred with centroids no deeper than 10 km, and hence are located in the seismogenic upper crust. The deeper centroid estimates from the GCMT catalog are due to the difficulty in determining the depths of such shallow earthquakes from very long-period body and surface waves. The rakes show that these earthquakes are mainly dip-slip with a small component of strike-slip. Of particular interest to this study is the uncertainty in the dip of the fault planes, which is discussed in detail later.
Comparison of InSAR and Seismological Models
InSAR provides high-resolution deformation measurements in the epicentral area, ensuring an advantage over seismology in determining precise earthquake locations for moderately sized earthquakes in shallow continental areas [Weston et al., 2012; Wright et al., 2013] . Making comparisons with the InSAR models, the GCMT [Ekstr€ om et al., 2012] and EHB [Engdahl et al., 1998 ] locations have biases of 24 km SE and 19 km SW for the 1993 event; the biases for the 1996 event are 42 km SSE, 10 km and 11 km to the west for the GCMT, NEIC and BW solutions respectively. Elliott et al. [2010] typically found GCMT locations of normal earthquakes across Tibet biased 15-30 km to the SSE and NEIC locations 0-15 km to the SSW. Such offsets are mainly due to relatively poor data coverage and the velocity structure used in seismology.
The moment magnitude of the 1993 event is consistent between InSAR and body-wave models. The InSARderived moment for the combined 1998 pair is higher than the sum of the seismological solutions by 50%, with potential postseismic motion from the 1996 and 1998 earthquakes contributing to this difference. For example, a M w 5.4 aftershock on 21 July 1998 contributed more than 10% of the difference although it can not be constrained as well as the other earthquakes using body-wave data. Additionally, a large discrepancy occurs for the 1996 event itself-the InSAR determined moment lies well beyond the uncertainty of the body-wave model, although the geometrical parameters agree well. Considering that both interferograms used in our model spanned about 5 years for the 1996 event, we suggest that postseismic deformation is also the most likely mechanism to explain the larger moment magnitudes of ICMT although we can not completely exclude the effect of atmospheric artefacts in InSAR observations.
Our InSAR models give fault lengths of 13.660.6 and 8.460.7 km for the 1993 and 1996 events respectively, which can be solved unambiguously, consistent with the scaling law of normal earthquakes estimated by Wells and Coppersmith [1994] , i.e., M w 54:3411:54log ðLÞ. The single-fault plane used to model the 1998 pair of events is longer than the others although the total moment is still smaller than the 1993 event. It may imply that the two 1998 earthquakes occurred successively from south to north, as suggested from locations in the EHB epicenters (Figure 1 ) and the two concentrated patterns of the slip distribution model (Figure S9a ), but it is not possible to resolve the exact spatial relationship with respect to the 1996 event.
Dip Angle
A long-term debate on low-angle normal faults is whether or not such faults are active in the seismogenic crust [e.g., Jackson and White, 1989; Wernicke, 1995; Axen, 2007; Abers, 2009; Collettini, 2011] . Standard Anderson-Byerlee fault mechanics predicts that it is easier to form or reactivate a normal fault in the dip range 30-60 than reactivate an existing LANF [Anderson, 1942; Byerlee, 1978; Collettini and Sibson, 2001] .
30-60 is also the typically observed range for active faults [Jackson and White, 1989; Thatcher and Hill, 1991; Sibson and Xie, 1998; Collettini and Sibson, 2001] . Possible mechanics for seismic activity on LANFs are (i) stress field rotation or (ii) low friction relative to laboratory values due to weak materials or high fluid pressure in fault zones [Axen, 2004; Abers, 2009] . Whilst the fracture strength of the material may be well constrained in the laboratory, the effective failure strength on a geological scale remains uncertain, especially in a region with pre-existing structures [Middleton and Copley, 2014] . It is also hard to explain the absence of major earthquake on LANFs over tens of years [Jackson and White, 1989; Collettini and Sibson, 2001; Collettini, 2011; Elliott et al., 2010] . High-resolution InSAR measurements are able to resolve the ambiguity of focal planes. Analyzing eight normal-faulting earthquakes in Tibet using InSAR and body-wave inversion, Elliott et al. [2010] identified that all the faults have moderate dips peaking at 45 , and some of them are not associated with surface geomorphology.
In this study, all the interferograms in Figure 1 show higher phase gradients on the western side of the fringe pattern, implying an east-dipping fault plane. Our optimal ICMT models require dips of 43 ; 54 ; 45 (Table 1) , confirming our analysis of deformation patterns. Figure 6 shows the dip/misfit curves for the seismologically determined solutions, and demonstrates that all InSAR-estimated dips are consistent to within 2r uncertainties of the nodal planes of the seismological focal mechanisms for all four earthquakes. Of particular interest is the 1996 event whose epicenter is near the micro-earthquakes in Monigle et al. [2012] . Our models provide its dip of 54 (ICMT) and 58 (BW), consistent with the high-angle solution (61 ) in Monigle et al. [2012] . We note that the dip estimates for the east-dipping plane in the 1993 event derived independently from InSAR and seismological data differ by 10 degrees. This may represent some degree of Geochemistry, Geophysics, Geosystems complexity in either the source geometry or elastic structure that we are unable to constrain with the available data, when using a single-fault or point-source model in a half-space. However, neither technique requires the fault to be active at angles of < 40 .
In order to test if the earthquakes could possibly be associated with west-dipping planes, we redetermined the source models while constraining their strikes as between 120 and 240 . The west-dipping models can fit the data almost equally well, but all of them require an extremely small down-dip width ( 1 km) and high slip (the upper bound of 2 m). This implies that a linear source is preferred, which is inconsistent with fault scaling laws [Wells and Coppersmith, 1994] . Furthermore, these linear-source models approach the top of the east-dipping fault planes following the high-gradient surface deformation (red boxes in Figures 3a-3c ). These lines of evidence help us rule out the west-dipping low-angle planes for the earthquakes in the PXR. Although we studied different earthquakes, our data strongly suggest that the occurrence of major seismicity on the low-angle plane inferred by Monigle et al. [2012] is questionable.
Stress Transfer
We have examined the potential triggering relationship between these successive events in the PumquXainza Rift by calculating the Coulomb stress change on each of the fault segments based upon their relative positions and geometry as determined by the InSAR observations. Receiver geometries for the other mapped faults in the area are assumed to be dipping at 45 and have a pure normal rake. We use Coulomb 3.1 to derive the static stress changes associated with these earthquakes [Lin and Stein, 2004] . We assume an effective coefficient of friction of 0.4 and a shear modulus of 3:2310 10 Pa to match that used in the InSAR and body-wave modeling.
We take the uniform slip solution for the M w 6.2 20 March 1993 event and determine the change in Coulomb stress on receiver faults with the same orientation as the 1996 event (supporting information Figure  S10 ). Despite being along-strike from the first event, given the relatively small magnitude of the earthquake compared to the 150 km separation between these events, the static stress changes are negligible at this Figure 6 . Dip versus misfit plots for the four earthquakes. In each plot, dip is fixed at 1 intervals, and a best-fit source mechanism determined with all other parameters free to vary. Colored circles indicate the two nodal planes of the global minimum misfit solution, which is also indicated by the table, and the focal mechanism on each plot. Green bars indicate the dip determined by inversion of the InSAR data. Misfit is represented as a percentage of the residual over the data amplitude at each sampling point. Gray shaded boxes in the background highlight dip ranges.
Geochemistry, Geophysics, Geosystems distance. There are, however, significant increases in stress along strike on mapped faults to the immediate south of this fault rupture ( Figure S10 ).
However, for the interaction between the 1996 and pair of 1998 events, their close proximity makes the Coulomb stress changes much more significant, despite being Mw 5.7-5.8 events. The stress change calculated on the subfault patches for the combined 1998 fault geometry is shown in Figure 7 . The 1996 earthquake reduces the static stress in the center of the assumed 1998 fault plane, but increases it at either end. This may support the successive rupture of the July and August 1998 earthquakes at separate ends of the 1996 event.
Regarding other known faults in the vicinity, the stress change has decreased on the segment due east of the 1996/1998 events, but has increased significantly on the westward dipping segment to the south-east (Figure 7b ), bringing this closer to failure.
Fault Geomorphology and Seismic Hazard
The relationship between surface displacements and geomorphology, as recorded in the topography along three profiles for each of the earthquakes, is shown in Figure 8 . In each case, the up-dip projection of the InSAR-modeled fault plane to the surface is not correlated with a significant step in the topography associated with a typical graben structure. Comparison of satellite imagery and active fault structures in the two epicentral areas examined (Figure 9 ) indicates that these earthquakes occurred away from the known and Figure 7 . Coulomb stress change on the Pumqu-Xainza Rift faults surrounding the 1996 and 1998 fault ruptures, calculated using Coulomb 3.1 [Lin and Stein, 2004] and based upon the InSAR uniform slip models (other faults in the region are assumed have a 45 dipping plane with pure normal slip and a simplified fault geometry aligned with the mapped surface trace). The color range has been saturated at 60.1 MPa to highlight the stress change on other faults. (a) Coulomb stress change on faults resulting from the 1996 M w 5.9 earthquake. The profile X-X' shows the stress changes for receiver faults with the geometry of the 1998 fault plane. (b) Coulomb stress change on faults resulting from the combined effect of the 1996 M w 5.9 earthquake and the 1998 M w 5.8 pair. The profile Y-Y' shows the stress changes for receiver faults with the geometry of the westward dipping fault planes.
Geochemistry, Geophysics, Geosystems previously mapped faults from Kali [2010] and, furthermore, that the 1993 Mw 6.2 earthquake occurred in part of the Pumqu-Xainza Rift that does not exhibit a clear expression of active faulting in the surface topography. Predicted subsidence patterns based upon the fault dislocation models for each of these events are not centered on the clear, existing low-relief grabens, but rather are found associated with the higher relief on the western edges of the rift (Figure 10 ). The east-west lateral extent of active faulting indicates these zones of extension are broader than previously thought, with widths of 50 km-much wider than the surface expression and mapped faults [Taylor and Yin, 2009; Kali, 2010] , which alone indicate perhaps half this width.
The earthquakes studied here suggest that the M5-6 earthquakes do not contribute significantly to build topographic relief, but that they occurred in geologically complex locations. For instance, the 1996/1998 clusters and later swarms in [2004] [2005] are located at segment boundary, or hinge, between east-dipping range-front fault to the north, and west-dipping en echelon faults to the south (Figure 1) . The 1993 event is in a section where faults themselves are less prominent in geomorphology. One would anticipate complex faulting at these locations. In other parts of the world, major normal faults are mostly well mapped in major extensional regions like the Basin and Range province, the Aegean, and the Appennines [Eaton, 1982; Wernicke et al., 1988; Anderson and Jackson, 1987; Taymaz et al., 1991; Jackson, 1994] . Recent dense GPS measurements show that strain is Geochemistry, Geophysics, Geosystems 10.1002/2014GC005369 distributed throughout these regions instead of merely focusing on the major faults [Aktug et al., 2009; Floyd et al., 2010; Nocquet, 2012; Hammond et al., 2014] . This work on southern Tibet also implies that smaller earthquakes can occur away from the major mapped faults. Therefore the seismic hazard could be more broadly distributed than the surface features suggest. Denser geodetic velocity field from GPS and InSAR may lead to better resolution of the deformation and seismic hazard assessment in the extensional regions [Wang and Wright, 2012] .
Conclusions
In this paper, we investigated the coseismic deformation associated with the earthquake sequence that occurred in the Pumqu-Xainza Rift, southern Tibet. Our InSAR results unambiguously demonstrated that all these active normal faults have moderate dip angles (40-60 ). None of the surface projections of the fault planes studied here are associated with a step in topography, indicating that it is unreliable to identify focal plane of seismological solutions using surface geomorphology alone. The lateral extent of the earthquake sequence indicates active faulting zones are broader than the surface expression would suggest in this part of Tibet. The 1996/1998 events are consistent with static stress transfer promoting failure. The Coulomb stress changes resulting from the 1996/1998 sequence also indicate that the westward dipping segment to the south-east has been advanced the most of the mapped faults to failure by stress increases.
